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ABSTRACT
Observations of molecular gas near the Galactic centre (|l| < 10◦, |b| < 1◦) reveal the pres-
ence of a distinct population of enigmatic compact clouds which are characterised by extreme
velocity dispersions (∆v > 100kms−1). These Extended Velocity Features (EVFs) are very
prominent in the datacubes and dominate the kinematics of molecular gas just outside the
Central Molecular Zone (CMZ). The prototypical example of such a cloud is Bania Clump 2.
We show that similar features are naturally produced in simulations of gas flow in a realis-
tic barred potential. We analyse the structure of the features obtained in the simulations and
use this to interpret the observations. We find that the features arise from collisions between
material that has been infalling rapidly along the dust lanes of the Milky Way bar and mate-
rial that belongs to one of the following two categories: (i) material that has ‘overshot’ after
falling down the dust lanes on the opposite side; (ii) material which is part of the CMZ. Both
types of collisions involve gas with large differences in the line-of-sight velocities, which is
what produces the observed extreme velocity dispersions. Examples of both categories can be
identified in the observations. If our interpretation is correct, we are directly witnessing (a)
collisions of clouds with relative speeds of ∼ 200kms−1 and (b) the process of accretion of
fresh gas onto the CMZ.
Key words: Galaxy: centre - Galaxy: kinematics and dynamics - galaxies: kinematics and
dynamics - ISM: kinematics and dynamics
1 INTRODUCTION
The geometry of the gas in the Central Molecular Zone (CMZ –
defined here as the region at a radial distance R . 200pc from
the Galactic centre, or equivalently |l|. 1.5◦) has been intensively
studied in recent years (e.g. Molinari et al. 2011; Kruijssen et al.
2015; Henshaw et al. 2016; Sormani et al. 2018b). In contrast,
the region immediately surrounding the CMZ has received rela-
tively little attention. However, it is well known that the CMZ is
not an isolated system, but instead is strongly interacting with its
surroundings. For example, the Galactic bar continuously drives a
gas inflow into the CMZ which strongly affects its dynamics and
may even drive the observed turbulence of the CMZ (Sormani &
Barnes 2019).
Among the most enigmatic features in the region surrounding
the CMZ is a discrete population of extremely broad-lined (∆v >
100kms−1) compact clouds that are very prominent in molecular
line datacubes (e.g. CO) in the region |l|6 10◦ (Liszt 2006, 2008).
These features dominate the kinematics of molecular gas just out-
side the CMZ. The prototypical example is Bania Clump 2 (Stark
& Bania 1986). Despite their enormous velocity dispersion, these
puzzling features are confined to a narrow longitude range. Simi-
lar features are not found anywhere else in the Galaxy. In this pa-
per, we will refer to these features as Extended Velocity Features
(EVFs) on account of their large velocity dispersions. We give a
brief summary of the observational properties of the EVFs in Sect.
2.
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Several possible interpretations of the EVFs have been put for-
ward in the literature:
(a) They are gaseous structures extended in space that happen to
coincidentally lie parallel to the line of sight (e.g. Stark & Ba-
nia 1986; Boyce et al. 1989; Lee et al. 1999; Baba et al. 2010).
Such interpretations suffer from the ‘fingers of god’ effect, i.e.
they assume that we are at a special location in the universe in
which these structures happen to point toward us.
(b) Some of them have been interpreted as the footprints of gi-
ant magnetic loops caused by the Parker (1966) instability near
the Galactic centre (Fukui et al. 2006; Fujishita et al. 2009;
Machida et al. 2009; Torii et al. 2010; Suzuki et al. 2015;
Riquelme et al. 2018).
(c) Some of them have been interpreted as evidence for the pres-
ence of intermediate-mass black holes (IMBH) (Oka et al.
2016, 2017; Takekawa et al. 2019a,b).
(d) They are lumps which are just about to cross the dust lanes of
the Milky Way bar (Fux 1999, see also Liszt 2006, 2008).
In this paper we show that features similar to the observed
ones arise naturally in simulations of gas flow in a barred potential.
We then use the insight gained from the simulations to interpret
the observations. The paper is structured as follows. In Sect. 2 we
briefly review the observations and the key properties that charac-
terise the EVFs. In Sect. 3 we describe the numerical setup of our
simulations. In Sects. 4 and 5 we discuss our results and interpret
the observations. Finally in Sect. 6 we sum up.
2 OBSERVATIONS
Here we briefly review the observational data. A more detailed
analysis can be found for example in Liszt (2006, 2008) and Oka
et al. (2012) for CO, Boyce & Cohen (1994) for OH, Longmore
et al. (2017) for NH3 and McClure-Griffiths et al. (2012) for HI.
Fig. 1 shows molecular line emission from the inner Galaxy.
The three most prominent EVFs are highlighted: these are the l =
5.4◦, the l = 3.2◦ (also known as Bania Clump 2) and the l = 1.3◦
features. Other, less prominent EVFs can be found throughout the
inner regions of our Galaxy (see references above).
Also highlighted are the dust lane features L1 to L4. These
are not EVFs, but are often linked to them in (l,b,v) space (see
Property vi below). The "dust lane" terminology is used here for
historical reasons despite these features being primarily (but not ex-
clusively) detected in gas. The terminology originally comes from
observations of external barred galaxies such as NGC 1300 or NGC
5383 in which one can see "the presence of two dust lanes leaving
the nucleus one on each side of the bar and extending into the spi-
ral arms" (Sandage 1961). After it was realised that the MW is a
barred galaxy, the features L1 and L4 were identified as the dust
lanes of the MW bar (Fux 1999), and the “dust lane” terminology
was maintained despite the fact that they were initially observed in
HI and CO emission, and not from dust emission/extinction. Subse-
quent work has identified the L1 and L4 features also from the dust
(Marshall et al. 2008). Beyond the two main dust lane features L1
and L4, Liszt (2008) determined the presence of the two additional
secondary dust lane features L2 and L3 using CO emission. As we
will see later in the paper, the presence of multiple dust lanes also
occurs in our simulations.
The key properties that characterise the EVFs are:
(i) They are extremely broad-lined, with velocity dispersions of up to
200kms−1 when observed at low resolution.
(ii) They are compact, so they are very localised in the (l,b) plane
(the typical extensions of the largest EVFs are ∆l,∆b∼ 0.5◦, )
(iii) They are usually more extended in latitude than in longitude. So
they are typically elongated perpendicularly to the Galactic plane.
(iv) They are predominantly found in the (v> 0, l > 0) and (v< 0, l <
0) quadrants of the (l,v) plane, although a few of them are found
in the other two quadrants as well.
(v) They never extend beyond the Terminal Velocity Curve (TVC)1
at their value of longitude.
(vi) Some of them are clearly connected to some dustlane-like features
associated with the Galactic bar (see for example how the l = 5.4◦
EVF connects L1 to L3 or how the l = 3.2◦ EVF is connected to
L2, see also Liszt 2008).
(vii) Some of them (e.g. Bania’s Clump 2) show sharp HI emission
profiles on one side (McClure-Griffiths et al. 2012).
(viii) When observed at very high resolution, they typically break-up
into multiple kinematic sub-components with strong velocity gra-
dients (see for example Liszt 2006 which resolved the internal ve-
locity structure of several EVFs and fig. 30 in Longmore et al. 2017
which shows the complicated velocity structure of Bania Clump 2
in NH3).
Successful theoretical models should be able to reproduce the
above properties.
3 NUMERICAL SETUP
Our numerical setup is the same as that of Sormani et al. (2018b)
except for a few differences. Therefore we only provide here a brief
recap and state the differences from these previous simulations, and
refer the reader to section 3 of Sormani et al. (2018b) and references
therein for a more detailed description.
3.1 Hydrodynamic code
The simulations are three-dimensional and the gas is assumed to
flow in a multi-component external barred potential Φ(x, t) which
is constructed to fit the properties of the Milky Way (see next sec-
tion and Appendix A). The gas self-gravity and magnetic fields are
neglected.
We use the moving-mesh code AREPO (Springel 2010), mod-
ified to treat the chemical evolution of the interstellar gas. The code
solves the equations of fluid dynamics:
∂ρ
∂t
+∇ · (ρv) = 0, (1)
∂(ρv)
∂t
+∇ · (ρv⊗v+PI) =−ρ∇Φ, (2)
∂(ρe)
∂t
+∇ · [(ρe+P)v] = Q˙+ρ∂Φ
∂t
, (3)
where ρ is the gas density, v is the velocity, P is the thermal pres-
sure, I is the identity matrix, e = etherm +Φ+ v2/2 is the en-
ergy per unit mass, etherm is the thermal energy per unit mass. We
adopt the equation of state of an ideal gas, P=(γ−1)ρetherm, where
γ= 5/3 is the adiabatic index.
1 The TVC at l > 0 (l < 0) is defined as the maximum (minimum) value
of line-of-sight velocity at which the bulk of the emission from the Galactic
disc is found, i.e. it is the curve that defines the envelope of the latitude-
integrated (l,v) diagram (see for example Binney & Merrifield 1998, Chap-
ter 9).
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Figure 1. Molecular emission from the inner Galaxy. Some of the most prominent EVFs (l = 1.3◦, l = 3.2◦ a.k.a. Bania Clump 2 and l = 5.4◦) and the
dustlane-like features identified by Liszt (2008) (L1 to L4) are indicated. The grey background shows the 12CO J = 1→ 0 data from Bitran et al. (1997) (in
the main panels) and Oka et al. (1998) (in the zoom-in panels). The l = 5.4◦, l = 3.2◦ and L1 to L4 features are highlighted in the CO data. The magma
colour scale in the centre shows HCN from the data of Jones et al. (2012). The HCN data only covers the region −0.7 < l < 1.8◦, −0.3 < b < 0.2◦ and
−300 < v< 300kms−1. The l = 1.3◦ feature is visible in the HCN data and is indicated with an arrow.
We account for the chemical evolution of the gas using an up-
dated version of the NL97 chemical network from Glover & Clark
(2012), which itself was based on the work of Glover & Mac Low
(2007a,b) and Nelson & Langer (1997). With this network, we
solve for the non-equilibrium abundances of H, H2, H+, C+, O,
CO and free electrons. An extensive description of the network is
given in Section 3.4 of Sormani et al. (2018b) and in the interests
of brevity we do not repeat it here.
The term Q˙ in Equation 3 contains the contributions of the ra-
diative and chemical processes that can change the internal energy
of the system (Q˙= 0 for an adiabatic gas). It includes (i) a cooling
function which depends on the instantaneous chemical composi-
tion of the gas (Glover et al. 2010; Glover & Clark 2012); (ii) the
heat absorbed or released in the most important chemical processes
that occur in the interstellar medium, which are tracked in real time
by the chemical network; (iii) external heating sources that repre-
sent the average Interstellar Radiation Field (ISRF) and cosmic ray
ionisation rate. The strength of the ISRF is set to the standard value
G0 measured in the Solar neighbourhood (Draine 1978) diminished
by a local attenuation factor which depends on the amount of gas
present within 30 pc of each computational cell. This attenuation
factor is introduced to account for the effects of dust extinction
and H2 self-shielding and is calculated using the TREECOL algo-
rithm described in Clark et al. (2012). The cosmic ray ionisation
rate is fixed to ζH = 3× 10−17 s−1 (Goldsmith & Langer 1978).
These values correspond to the ‘low’ simulation of Sormani et al.
(2018b). We have shown in that paper the strength of the ISRF
mainly controls the amount of molecular gas but makes little dif-
ference to the dynamics. Indeed, even if the ISRF field is a factor of
a 1000 higher than in the Solar Neighbourhood (Clark et al. 2013),
the sound speed of the molecular gas comes nowhere close to the
values of cs = 5-10kms−1 which would be needed to significantly
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affect the dynamics of the gas (Sormani et al. 2015a). Hence the
results of the present paper are not affected by the strength of the
assumed ISRF.
3.2 Differences between Sormani et al. (2018b) and the
present paper
The main difference between the simulations in Sormani et al.
(2018b) and the one used in the present paper is that we modified
the gravitational potential of the bar so that the size of the nuclear
ring that naturally forms in the simulation matches the observed
size of the CMZ (it was a factor of ∼ 2 too large in the previous
simulations). In general, the size of this ring is controlled by (i) the
parameters of the gravitational potential, mainly the bar strength
and the bar pattern speed (e.g. Sormani et al. 2018a, and references
therein) (ii) the effective sound speed of the gas (see for exam-
ple Fig. 1 of Sormani et al. 2015a). Since the sound speed of the
gas is fixed by our treatment of the heating & cooling of the ISM
and the pattern speed of the gas is independently constrained to
be Ωp = 40kms−1 kpc−1 (e.g. Sormani et al. 2015b; Portail et al.
2017; Sanders et al. 2019), we have increased the strength of the bar
(compatibly with with known observational constraints) to achieve
the desired result of a smaller ring. The gravitational potential and
the resulting rotation curve are described in detail in Appendix A.
The second difference is that we increased the resolution. The
resolution in the simulation is determined by the condition that
cells approximately have the same mass (so that denser gas has
a higher spatial resolution). The system of mass refinement present
in AREPO ensures that this condition is satisfied by splitting cells
whose mass becomes greater than twice this target mass and merg-
ing cells whose mass is too low. Here we use a target resolution of
25M per cell, while in Sormani et al. (2018b) we used a target
resolution of 100M.
The last difference is in the initial density profile of the gas.
In Sormani et al. (2018b) the initial density distribution was ap-
proximately uniform inside a cylindrical slab of radius 10 kpc and
half-height 1 kpc, with the addition of some small random noise.
Here instead we initialise the density according to the following
axisymmetric density distribution:
ρ(R,z) =
Σ0
4zd
exp
(
−Rm
R
− R
Rd
)
sech
(
z
2zd
)2
, (4)
where (R,φ,z) denote standard cylindrical coordinates, zd = 85pc,
Rd = 7kpc, Rm = 1.5kpc, Σ0 = 50M pc−2 and we also have cut
our disc so that ρ = 0 for R > 5kpc. This profile better matches
the observed radial distribution of gas in the Galaxy (Kalberla &
Dedes 2008; Heyer & Dame 2015). The initial density distribution
is very smooth and we do not include any random noise. Despite
this smoothness of the initial conditions, the gas flow in the bar re-
gion ends up being unsteady and turbulent because of the processes
described in sect. 4 of Sormani et al. (2018b).
4 RESULTS
Figure 2 shows a snapshot of our simulation at t = 178Myr. The
top row shows the HI and CO surface density in the (x,y) plane,
while the bottom row shows the corresponding projections in the
(l,v) plane. To produce these projections, we bin each AREPO cell
as a point in the (l,v) plane with a weight proportional to the mass
of the component of interest (HI or CO, as appropriate) and in-
versely proportional to the square of its distance from the Sun, as
discussed in more detail in Section 3.6 of Sormani et al. (2018b).
These projections assume that the gas is optically thin to HI and
CO line emission, but accounting more accurately for line opac-
ities would only change the strength of the emission and not its
distribution in the (l,v) plane. Figure 3 shows the correspondence
between top down and projection plots in more detail, with labels
that identify some of the interesting features.
Several features that resemble the observed EVFs can be iden-
tified in the various (l,v) projections. A particularly prominent one
is the red feature at l ' 3◦ labelled V1 in Fig. 3. This feature has an
extreme velocity dispersion (∆v∼ 200kms−1) but is very localised
in real (x,y) space (it all originates from the small red patch visible
in the top-left panel of Fig. 3). This is precisely the main property
that characterises the observed EVFs (see Sect. 2). The V1 feature
connects the dust lane features D1 and D2 (see labels in Fig. 3).
This is remarkably similar to the what is observed for the EVF at
l ' 5.4◦ in Fig. 1, which connects the main observed dust lane L1
to the secondary dust lane L3.
Inspection of the velocity fields in Figs. 3 and 4 reveals the ori-
gin of the feature V1. It originates as gas on the feature O1 crashes
into the dust lane feature D1. The feature O1 is gas that has fallen
along the dust lane on the opposite side, touched & brushed the
CMZ, and then continued its course until it crashed into the middle
of feature D1.2 When the feature O1 comes in contact with feature
D1, the two have enormously different velocities. The signature of
this collision in the (l,v) plane is the extreme velocity dispersion
that characterises the feature V1.
Figure 3 also shows the presence of several further features
with high velocity dispersion at negative longitudes. These are
coloured green. These features originate with a similar mechanism
as the feature V1 discussed above. They look more crowded in the
(l,v) plane partly on account of projection effects (they are on the
far side of the Galaxy). The production of the EVFs is a stochastic
process in the simulation on account of the unsteady and turbulent
flow that develops due to the processes described in section 4 of
Sormani et al. (2018b).
A second type of broad-lined features that have a somewhat
different origin than the ones described above also appear during
the course of the simulation. Figure 5 shows an example of this
second type of EVF. It is labelled V2 in the figure. This second
type of feature originates as material that has been falling along the
dust lanes crashes into the CMZ. The dense material in the CMZ
typically has velocities much lower than those of the dust lanes, so
when they collide they produce very broad-lined features like V2
in the figure. This feature has much in common with the observed
EVF at l = 1.3◦ (see Fig. 1).
5 DISCUSSION
The results in the previous section suggest that at least some (per-
haps most) of the EVFs found in the observations originate from
collisions. These typically involve gas falling along the dust lanes
that crashes with material with very different line-of-sight veloci-
ties. Our simulations show that this occurs naturally when gas flows
2 Using high-sensitivity CO data Mizuno & Fukui (2004) have identified
what might be the observational counterpart of the overshooting feature O1
(see crosses in their Fig. 3). This feature seems to connect to the l = 5.4◦
feature in the three-dimensional (l,b,v) space in a manner very similar to
how the O1 feature connects to the V1 feature in our simulations. This how-
ever needs to be confirmed by future observations.
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Figure 2. The snapshot of our simulation at t = 178Myr. Top row: surface density of gas in the (x,y) plane. Bottom row: corresponding projections in the (l,v)
plane in the optically thin approximation and assuming that the angle between the Sun-GC line and the major axis of the bar is φ = 20◦ (Bland-Hawthorn &
Gerhard 2016). The left and middle column show HI and CO respectively as calculated by the chemical network included in the simulation. The right column
shows a colour coded map on top of the CO emission, allowing one to identify corresponding structures in the (x,y) and (l,v) views. A movie showing a 3D
visualisation of the snapshot shown in this figure is available at http://www.ita.uni-heidelberg.de/~mattia/videos/EVF/flyby.mp4.
in a barred potential and cannot be avoided: our initial conditions
are prepared ensuring that the gas is as calm as possible (they are
very smooth, symmetric and do not include any random noise), yet
such collisions develop spontaneously. This happens even in the
absence of any form of stellar feedback.3
The extended velocity features occur frequently in the simula-
tions although perhaps at any given time there are somewhat fewer
of them in a synthetic (l,v) diagram than in its observational coun-
terpart. This is probably a consequence of the fact that we have
tried to keep the gas flow as smooth as possible, while in the real
Galaxy more collisions should be expected on account of the facts
3 Indeed, the gas flow in a barred potential is inevitably unsteady and tur-
bulent (Sormani et al. 2018b). This is well illustrated for example in the
top-left panel in Fig. 2, which shows that inside the bar region the flow is
structured and unsteady, in striking contrast with the flow just outside the
bar region which is extremely smooth and steady.
that the initial conditions are most likely not smooth and that addi-
tional processes contribute to produce more unsteadiness and tur-
bulence (stellar feedback, perturbations from satellite galaxies that
punch through the MW disc, etc). Thus our simulations provide a
lower limit on the number of EVF-producing collisions that might
be expected in the real Galaxy.
Our interpretation naturally explains most of the key observa-
tional properties listed in Section 2. Property (i) is satisfied because
this is the property by which we select features in the simulation to
compare to the observed EVFs. Property (ii) is satisfied because
the collision sites have limited extension in real (x,y) space, so the
features are localised in the (l,b) plane. Property (iv) is satisfied be-
cause collisions in the simulations happen preferentially in the two
quadrants (l > 0,v> 0) and (l < 0,v< 0), although not exclusively
(see for example the green material in Fig. 3). Property (v) is satis-
fied because colliding clouds are part of the general large-scale flow
and so their velocities are always within the limits defined by the
© 0000 RAS, MNRAS 000, 000–000
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Figure 3. Features in the (x,y) plane and their projection to the (l,v) plane for the simulation snapshot at t = 178Myr. The top panels are zoom-ins of the
bottom panels. Arrows in the left panels show the velocity field in the rotating frame of the bar. Labels mark some of the interesting features. The feature V1
resembles the EVF observed at l = 5.4◦ in Fig. 1. The feature V1 originates as the material on the ‘overshooting’ feature O1 (which has passed very close to
the CMZ and brushed it) crashes onto the dust lane feature D1.
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Figure 4. Line-of-sight velocity in the (x,y) plane. The larger circle high-
lights where the feature V1 shown in Fig. 3 originates. In this region, mate-
rial with very different line-of-sight velocities collides, producing the large
velocity dispersion observed in the (l,v) plane. The smaller circle highlights
a region at the outer edges of the CMZ, where the dust lane brushes the
CMZ. This behaviour also brings into contact material with very different
velocities and can give rise to EVFs.
TVC. Property (vi) is satisfied because in our interpretation some
of the features are naturally connected with the dust lanes.
With our existing simulation, we are not able to verify whether
features formed in this way satisfy Property (iii). One of the unre-
alistic properties of our simulation is that the gas layer is too thin
compared to observations (typical thickness of molecular gas in the
simulations is only H ∼ 10pc), probably due to the lack of stel-
lar feedback (see the discussion in section 5.5.1 of Sormani et al.
2018b). The thinness of the simulations can also be appreciated
from the movies linked in the Supplementary Information section
below. Hence, on scales much larger than ∼ 10pc the gas is always
more elongated in longitude than in latitude in our simulations, con-
trary to Property (iii). However, we might argue that both Prop-
erty (iii) and (vii) may be expected for more realistic (and therefore
more vertically ‘puffed up’) clouds within the context of our inter-
pretation. When two clouds collide at high speed, we expect them
to be compressed in the direction of motion (in this case, the l direc-
tion). This might explain Property (iii). Similarly, one might expect
that a collision produces a strong compression shock on one side,
visible as a sharp edge (Property vii).
The masses of the features in the simulations are comparable
to the masses of the observed EVFs. For example. the mass of the
feature V1 in the simulation is ' 2.5× 106 M while the mass of
the observed l = 5.4◦ feature has been estimated by Liszt (2006) as
' 5×106 M. This is a good agreement given that (a) the processes
that produce the EVFs and therefore their masses are stochastic and
(b) the masses measured from the observations are very uncertain
due to the uncertainty in the CO-to-H2 conversion factor (XCO).
Indeed, standard assumptions made to calibrate XCO such as virial
equilibrium (e.g. Bolatto et al. 2013) are most likely not valid for
the features considered here which are in a highly dynamical envi-
ronment.
As noted in Sect. 2 (Property viii), observed EVFs typically
have a very complicated internal Position-Position-Velocity (PPV)
structure and break-up into several sub-components with strong ve-
locity gradients when observed at very high resolution. What is the
small scale structure of the EVFs obtained in the simulations? To
investigate this we show in Figs. 6 and 7 the CO PPV maps of
the features V1 and V2 studied above. Movies that show the same
features from different orientations are also available at the link
provided in the Supplementary Information section below. These
show that V1 and V2 are indeed connected structures in 3D physi-
cal Position-Position-Position space, and not coincidental amalga-
mations of unconnected components. The simulated EVFs posses
a certain degree of internal structure (particularly the kinematical
structure of V2 appears to be significantly more complex than of
V1), but the real observed EVFs display a much higher degree of
complexity (compare Figs. 6 and 7 with figs. 6,7,8,9 of Liszt 2006
and fig. 30 of Longmore et al. 2017). This is not unexpected given
that our simulations start out very smooth and lack any kind of stel-
lar feedback, self-gravity and/or initial noise that could generate
substructure, so that on small scales clouds tend be much smoother
than their counterparts in the real Galaxy. It is however interest-
ing to note that the simulated EVFs do have some substructure due
to the unsteady gas flow caused by the bar, in contrast to the gas
outside the bar region which is extremely smooth.45 Another as-
pect that is evident from Figs. 6 and 7 is the small vertical extent
(i.e. in the z direction) of our simulations discussed above. Despite
these caveats, the comparison shows that the simulated EVFs may
be identified with the bulk gas of the observed EVFs.
Finally, we note the following. In the previous section we have
identified two mechanisms that produce collisions (and therefore
EVFs) in our simulations. The first is overshooting material which
collides with the dust lanes on the opposite side, exemplified by
feature V1 in Fig. 3. The second is material on the dust lanes
which collides with CMZ material, exemplified by feature V2 in
Fig. 5. However we cannot exclude that in a more turbulent, real-
istic environment further mechanisms that generate collisions are
possible. For example, multiple dust lanes are generally expected
to be very close in real space although they have very different
line-of-sight velocities. A relatively small perturbation to the ve-
locity field (induced for example by an external perturbation such
as accretion from the circumgalactic medium or stellar feedback)
may cause them to touch. This would lead to a transfer of mate-
rial between the two (the faster dust lane is decelerated, while the
slower one is accelerated), which in the (l,v) diagram would show
up as an EVF. The key point is that velocity dispersions of the or-
der of ∼ 100-200kms−1 (comparable to the velocity of the Sun
around the Galactic centre) suggest that collisions between large-
scale Galactic flows are involved. The presence of a bar creates the
perfect environment to make such collisions likely.
4 The smoothness outside the bar region can be appreciated for ex-
ample in the visualisation at the following link: http://www.ita.
uni-heidelberg.de/~mattia/videos/EVF/flyby.mp4.
5 The observations, as seen for example in Longmore et al. (2017), also
seem to indicate a possible connection between the statistics of the small-
scale velocity structure and the type of EVF. Since our simulations are cur-
rently unable to reproduce the small-scale complexity of EVFs, we refrain
from specifying the expected statistics of the different small-scale velocity
structures. However, this is worth further study.
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Figure 5. Features in the (x,y) plane and their projection to the (l,v) plane in the central regions for the simulation snapshot at t = 191Myr. The feature V2
illustrates the second type of EVF. This is created as incoming material from the dust lanes crashes into the CMZ.
5.1 Comparison with previous work
Compared to the other interpretations (a) to (d) listed in the intro-
duction, we note the following. Unlike interpretation (a), according
to which EVFs are extended structures that coincidentally line par-
allel to the line-of-sight, our interpretation does not suffer from the
‘finger of god’ effect. The patches of gas producing the EVFs in
our simulations are always localised in (x,y) space and in general
do not correspond to structures which are elongated along the line-
of-sight. For example, we have verified that our features remain
‘extended’ in the (l,v) plane even if observed at different angles φ
between the major axis of the bar and the Sun-GC line.
According to interpretation (b) magnetic instabilities alone
(without a bar potential) are responsible for creating the EVFs.
However, the synthetic (l,v) diagrams produced from simulations
of this mechanism performed to date (Machida et al. 2009; Suzuki
et al. 2015; Kakiuchi et al. 2018) do not seem to be able to con-
vincingly reproduce the morphology of the EVFs in the (l,v) plane
(Properties i and ii in Sect. 2). Moreover, in this interpretation the
connection with the dust lanes of the MW bar (Property vi in Sect.
2) remains unexplained. Nevertheless, it is possible that magnetic
fields, when added on top of the bar potential, play a role in shaping
the properties and morphologies of the EVFs.
Interpretation (c) assumes that EVFs are created by gravita-
tional kicks around IMBHs. According to this interpretation, the
large velocity dispersion seen in an EVF should depend on the im-
pact parameter of the incoming gas cloud relative to the IMBH and
on the mass of the IMBH, and should have no relation to the TVC
and/or to the dust lanes features of the MW. Hence in this interpre-
tation it is unclear why the EVFs never extend beyond the TVC at
their longitudes (Property v) and why they seem to be associated
with the dust lanes of the MW (Property vi). This interpretation
also posits an ad-hoc assumption, namely the presence of IMBHs,
which is unnecessary since it can be avoided in our interpretation.
Finally, we note that in the case of the CO-0.40-0.22 cloud, an EVF
that has been claimed to be the signature of an IMBH close to the
Galactic centre (Oka et al. 2017), constraints on the radio spectrum
and a detection of a mid-infrared point source both disfavour the
presence of an IMBH (Ravi et al. 2018).
The interpretation (d) of Fux (1999) is essentially the same
that we have given in this paper, but in an embryonic state. The
simulations of Fux (1999) did not possess the necessary resolution
to actually see the EVFs in the synthetic (l,v) diagrams. Fux spec-
ulated about the implications of his simulations and imagined what
he would have seen if he had higher resolution. We have refined the
Fux (1999) interpretation by correcting some parts (e.g. the clumps
are not really ‘crossing’ the dust lane and exiting on the other side
as Fux suggested, but instead are joining and merging with the dust
lane and then flowing together towards the central regions) and fill-
ing in some details (e.g. the origin of some of the clumps hitting
the dust lane are clumps from the dust lanes on the other side that
have overshot).
5.2 Implications for the observations
In Section 4, we showed that we can distinguish two basic types
of EVFs in the simulation. The first is produced by material on the
dust lanes that collides with overshooting material from the other
side. The second is produced by material on the dust lanes which
collides with CMZ material.
In the observations some features can be associated quite
clearly with one or the other of these two possibilities. For exam-
ple, the features at l = 5.4◦ and l = 3.2◦ in Fig. 1 are most likely
of the first type (because of the way they are associated with the
dust lane features L1-L3 and because their longitudes place them
© 0000 RAS, MNRAS 000, 000–000
The geometry of gas surrounding the CMZ 9
Figure 6. Zoom-in that shows the 3D CO Position-Position-Velocity struc-
ture of the feature V1 in Fig. 3. A movie showing the feature from dif-
ferent orientations is available at http://www.ita.uni-heidelberg.de/
~mattia/videos/EVF/zoomV1.mp4.
outside the CMZ), while the feature at l = 1.3◦ is most likely of the
second type (because it connects with dense CMZ gas, see Fig 1).
Figure 8 shows a sketch of how the geometry of the gas surround-
ing the CMZ might look like according to our interpretation. For
other features in the observations the situation is more ambiguous,
and one needs to study this on a case by case basis, checking for
example the connection between them and other features such as
dust lane features and using high resolution data, which is outside
the scope of the present paper.
The HI projection in Fig. 2 displays many features that can-
not be seen in the CO projection. Thus we expect that several fea-
tures which are invisible in high-density tracers may be detected in
low-density observational tracers such as HI (or the CO J = 1→ 0
line observed with high enough sensitivity). The features identified
in low-density tracers can be used to connect the features seen in
higher-density tracers such as NH3 or HCN. This will be necessary
Figure 7. Zoom-in that shows the 3D CO Position-Position-Velocity struc-
ture of the feature V2 in Fig. 5. A movie showing the feature from dif-
ferent orientations is available at http://www.ita.uni-heidelberg.de/
~mattia/videos/EVF/zoomV2.mp4.
to get a complete picture of the 3D geometry and gas flows in and
around the CMZ.
Finally, it is worth noting that if our interpretation of the
l = 5.4◦ and l = 3.2◦ EVFs is correct, we are directly witnessing
collisions at a relative speed of ∆v ∼ 200kms−1. This is a perfect
laboratory for studying what happens when two molecular clouds
with masses in excess of M = 106 M collide with each other with
extreme velocities. We expect to find a rich chemistry and the pres-
ence of shock tracers associated with these features in the obser-
vations. If the interpretation of the l = 1.3◦ EVF is correct, we
are directly witnessing material that is accreting onto the CMZ.
Studying this feature in more detail can, therefore, give insight on
the process of accretion as it is happening and on the physical and
chemical condition of the accreted gas.
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Figure 8. Sketch of how the geometry of the gas surrounding the CMZ
might look like according to our interpretation. Coloured straight lines rep-
resent the various dust lanes of the MW. The purple circle represents the
CMZ. The two yellow clouds on the near side dust lanes represent the
l = 5.4◦ and l = 3.2◦ (aka Bania Clump 2) EVFs in Fig. 1 respectively. The
yellow cloud on at the intersection between dust lanes and CMZ represents
the l = 1.3◦ EVF in Fig. 1.
6 SUMMARY
Surrounding the Galactic centre there exist an enigmatic population
of compact molecular clouds with extreme velocity dispersions.
These Extended Velocity Features (EVFs) dominate the kinemat-
ics of gas just outside the Central Molecular Zone. We have used
hydrodynamical simulations of gas flow in a barred potential to in-
terpret these clouds. We have found that similar features occur nat-
urally in these simulations. They originate from collisions between
material that is falling along the dust lanes of the bar and material
with substantially different line-of-sight velocities. We have distin-
guished between two types:
(i) EVFs like the feature V1 in Fig. 3 which originate from the colli-
sion between material on the dust lanes and material that has ‘over-
shot’ from the dust lane on the opposite side;
(ii) EVFs like the feature V2 in Fig. 5 which originate from the colli-
sion between material on the dust lanes and material belonging to
the CMZ.
Examples of both types of features can be identified in the obser-
vations. The sketch in Fig. 8 shows our proposed interpretation of
the most unambiguous features. Other features can be identified in
the data, but the interpretation is more ambiguous and will require
more careful analysis with higher resolution observations.
If our interpretation is correct, we are witnessing clouds col-
liding at relative velocities of ∆v ∼ 200kms−1 (e.g. the l = 5.4◦
and l = 3.2◦ clouds). This provides an excellent laboratory to study
extreme cloud collisions. We are also directly witnessing gas being
accreted onto the CMZ (e.g. the l = 1.3◦ cloud). This provides a
unique opportunity to study how gas is accreted and the physical
and chemical properties of the accreted gas.
SUPPLEMENTARY INFORMATION
Movies showing the time evolution of the simulations, a 3D vi-
sualisation of the snapshot shown in Fig. 3 and the three dimen-
sional PPV structure of the features V1 and V2 can be found
at the following link: http://www.ita.uni-heidelberg.de/
~mattia/download.html.
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APPENDIX A: GRAVITATIONAL POTENTIAL
We employ a realistic external gravitational potential that is the sum
of four components: bar, bulge, disc, and halo. The axisymmetric
part is derived from the work of McMillan (2017), whose poten-
tial is created to fit observational constraints and to be consistent
with expectations from theoretical modelling of the Milky Way as
a whole. The bar and the bulge are built to be consistent with ob-
servational constraints from near-infrared photometry (Launhardt
et al. 2002) and with dynamical constraints on the quadrupole of
the bar (Sormani et al. 2015b; see also Ridley et al. 2017). The bar
rotates with a constant pattern speed of Ωp = 40kms−1 kpc−1. The
axisymmetric part (the velocity curve) and the first few multipoles
are shown in Figs. A1 and A2. The details of each component of
the potential are as follows.
Bulge. This component is generated by the following density
distribution:
ρb =
ρb0
(1+a/a0)α
exp
[
−(a/acut)2
]
(A1)
where
a=
√
x2 + y2 +
z2
q2b
. (A2)
We use the following parameters: α = 1.8, ρb0 = 9.5 ×
104 M pc−3, acut = 0.5kpc, qb = 0.5 and a0 = 10−3 kpc.
Bar. The density of the bar is taken to be:
ρB = ρB1 exp(−a1/aB1)+ρB2 exp(−a2/aB2) , (A3)
where
a1 =
√
x2 +
y2 + z2
q2B1
, (A4)
a2 =
√
x2 +
y2 + z2
q2B2
. (A5)
We use the following values for the parameters: ρB1 = 16M pc−3,
aB1 = 0.3kpc, qB1 = 0.5, ρB2 = 3M pc−3, aB2 = 1kpc and qB2 =
0.5.
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Figure A1. The circular velocity curve in the plane z = 0 for the potential
used in this paper. The separate contributions from bar, bulge, disc and halo
are also shown.
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Figure A2. The quadrupole Φ2 and octupole Φ4 in the plane z = 0 for
the potential used in this paper. These are defined by the multipole ex-
pansion of the potential in the plane of the Galaxy, Φ(R,φ) = Φ0(R) +
∑∞m=1Φm(R)cos(mφ+φm) where φm are constants and {R,φ,z} denote
standard cylindrical coordinates.
Disc. The disc is the sum of a thick and a thin disc (Gilmore
& Reid 1983). The density distribution is:
ρd =
Σ1
2z1
exp
(
−|z|
z1
− R
Rd1
)
+
Σ2
2z2
exp
(
−|z|
z2
− R
Rd2
)
, (A6)
where Σ1 = 572M kpc−2, Rd1 = 2.9kpc, z1 = 0.3kpc, Σ2 =
147M kpc−2, Rd2 = 3.31kpc and z2 = 0.9kpc.
Halo. This is a simple Navarro et al. (1996) profile. The den-
sity distribution is:
ρh =
ρh0
x(1+ x)2
(A7)
where x= r/rh, r= (x2+y2+z2)1/2, ρh0 = 0.00846M pc−3, and
rh = 20.2kpc.
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